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Abstract

Wereport ona searchfor the leptonfamily-rwnber-nonconsewing
decays IA++O+O-O+,p+++?, and p++e+u~,usingthe Crystal
BOXdetector at MMPF.Theexpmment was run Inthe stopped
muonchannelat LNIPFduringthe winter andsummerof 1984.
Pluonswere stoppedin the middleof a detector system conskti~
of a Cyllndrlcaldrift chamber,a plastlc Sclntillatorhodoscope,
anda segmentedarray of sodiumIodidecrystals, Thesodium
iodidesurroundedthe hodoscope and drlf t chamber, Events

consistent with any of the above decays were recorded. The
off-llne data analysts Imposedrequirementson the t!ml~, vertex
Iocatlon,andenergyandmomentumconservationfor eaChevent.
Radioactivesources,conventionalmuondecayspectra, andphotons
fromthe processu-~nt and a-~aao were usedto provide
energycal!brxlon andresolutlonestimates. TheInner
bremsstrahlungprocesses p+-o@+Mand p++@+O-Q+VWwere
observedat the expectedrates. I)etallsof thedetector, the data
analysls,andour latest boundsfor the Manchingratios wIIIbe
presented

DISCLAIMER
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It Is mypleasureto present to you,today,someprellminay results
ona se=ch for me muondecaysc=ied out at LN’lPF.Theexperimentrim
duringthe winter andswnmer 1984cyclesof the LMIPFcalendarwith a
detector called the C~stal Box.Thenane of the detector was derivedfrom
the largemxnberof sodWrnlodldedetectors used inthe experiment.This
*am to bea case of c~lng crystals to C~stal City.

Welookedfor the kpton-farnlly-nonconsefvlngdecaysof a muonInto
anelectronanda photonandfor the three-bodydecaysof a muonintoan
electronandtwo photonsor into three electrons. Theexperimentwas
mountedbya collaborationof physicists fromLosAMnosNational
LabOrator)/,Unlversltyof Chicago,StanfordUnlverslty,andTemple
Unlverslty(fig I).

Toplacethe experimentin contextandto explalnwhythe effort was
undertakenI would1Iketo briefIycommentonthe “StandardModel”(flg.2).
The“StandardModel”groupsthe IeptonsIntothree famlles, E!yconstruction
It conservesthe addltlve IeptonfamlIynumbersassociatedwlth these
groupings,Furthermore,the variousInteractIonsdescribedbythe “Standard
Model”donot mediate Iepton-famiIy;wmber-changingprocesses. Asa
fundamentalthecryof the worldthe ‘StandardModel”1scoaslstent, but
Incomplete.Variousextensionsthat canproduceourstudiedtransitions
havebeenproposed, for example the exlstcnce or ma~slve neutrinos and
neutrlnoOSCIIIatIons,modlfIcationsof the H!ggssector of the theory,and
enlargementsof the gaugegroupas Ingrandunlfled tneorles and
supersymrnetrl ctheorles.Differentextensionspredict different rates for
eachof thernuonrare-decaymodes It ls, therefore, Importantto search for
alltkeem(?de~. Inthiswa ytheproposedextenskmsmaybecomparedwit,h
the experimentalIlmlts andJudgedaccordingly,

Thestudyof tibedecaymodesof the muonbeganin 1947with the
avallabllityof rnuonbeamsfromthepmtwmaccelerators, Therehas beena
~te~ hkt~ of ImprovementInexperimentsse~chlng for these decaysas
shownInfig.3. NoIepton-familynunber-nonconservlngdecayhas beenseen,
The9(Mconfldencelevel IImltson the brmchh’qjratios for these decays
prior to thl~experimentme shownInf lg. 4. It !s Interestingto note that the
Ilmlts for the three modeseg,egg,andeee were est*l k3hedat the ttwee
‘mesonfactories”LAMPF,TRllM, andSIN,respectively.

Anexperkmnt $wrMtlveto a brmchlngratio of the order 10-10
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requires a swnpleof ~oxlmately 1011muondecays (fig. S). Thelong
lifetime of the muon(2.2x 10-6 second) m~es lt necessaryto use stopped
muons,as opposedto usinglnfllghtdecays, Todetect the decaysof this
manystoppedmuonsthe detectormust sbtend a Mge solld~le #KIM
able to operateat highrates, Todlstlngulshcandidateevents fromthe
back~oundsreqdres that the detector elementshavetdghresohJtionsandan
abillty to distln@sh betweenctwged particles anl photons,Finally,to test
the ~itrat~ lt 1suseful to havea referenceslgna!.With these points in
mind,I w Ill nowdiscuss the obse~~le for the three decaymodesandthe
sourcesof backgrounds@’ds, then turn to a descrtptlon of the C~stal Box.

Thekinematicobservable for the two- md three-bodydecays are
Illustrated In fig. 6, Theywe basedont‘“econsematlonof energymd
momentumInthe muonrest frame, Thebackgromdsignalsconsist of
electrons fromconventionalmuondecay(lA+vS)andphotonsfrom
!)remsstrahhmgandpair ?mnihilation.ThebackgromdsdMde themselves
into two classes: accidentalevents that superimposeto meet the trigger
requirementsandpromptevents that comefromtlw lnnefbremsstrahlung
processP-WDW(fig.7). TheInnerbremsstrahlungevents also provMethe
test signalmentIonedabove.

TheCrystalBoxIsa detector designedto looksimultaneouslyfor the
three rare muondecays, It consists of a cylIndrlcaldr!ft chamber,a plast Ic
sclntlIIatorhodoscope,anda se~ented sodlurnlodlGecalorimeter, A

CUtaw~ diagramof the detector 1sshowhInfig.8 anda summafyof Its
Para~metersIs shownInfig,9, A27 HeV/cIJ+beamwas stoppedin a 67 cm
diameterand0.57gm/cm~thickpolystyrenetarget locatedInsideof the
drlft chamber.Thedetector elementssurroundthe target andare allgned
symmetricalIyaboutthe beamaxis. Duringthe experimentthe instantaneous
sto~plngrate varied from4 x 106to 8 x 106muonstops per second. This
allowed us to measure the detector’s sensltlvlty to signal pileup andto
optmlzethe stoppingrate.

Thedrift chamberprovfdedposltlonandtarget vertex location
InformatIonfor chargedpartIcles, It consistedof 728 celIs arrangedIn8
concentriclayers, Alternate layers were InclIned12“to 16*fromthe axis
to provklestereo Information.Thedrift chamberhits were recordedbya
LRS4290 TDCsystemandused in the off-1he analysls. Thedrlft chamber
was not used In tht? on-1 Ine trigger, Thedrift chamberwas enclosedby the
sclntIIlatloncounterhodoscope,
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Theplastic scintillation hodoscopeconsistedof 36 countersWewed
one!ther endbyphotomultlpllers.Eachcomter shadowedthe adjacentrow
of sodlun Iodidecrystals fromthe target. Inthis wv the sclntlllators
provideda photonvetosl~al whenusedin conjunctionwltb the sodlM

Iodldscrystals. Thesclntillator signals were usedto providedthe charged
particle timtng.

Thesodium Iodide crystals surrounded the rectangularbox-sh~ed
enclosureformedbythe sclntIIlater hodoscope.Eachcrystal was 63.5mmx
63,5mmsquareand304.8mmlong(12 radiationlengths). Theywere
packa~d Inarrays of 9 c~stals across and 10c~stals deep. TheIndividual
c~stals were opticalIy isolatedfromeachotherbywhite opaquepaper(to
keepthe amountof lnactlvematerial Inthe calorimeter to a mlnlmum).
Therewere fouradditionalarrays of crystals locatedalongthe corner
Intersections of the four quadrants, Theentire assemblywas sealed Inan
alrtl~t aluml~ contalnwto protect the hygroscoplcsodiumIodide.The
array operatedas a showercalorimeter;there was nomagnetIc fIeld. An
energyresolutionof 6.3%at 130MeVwas achieved by summingthe central
25 c~stals aroundanevent. These~entatlon of the crystals provided
positIonlnformatIonfor photonsandchargedpartIc!es,

Al’Wte Carlo simulation was developed to model the detector’s

operation and to produce the probaol Ilt y dtstrlbut ionsusedin the analysls
(fig. 10) Thesimulationmodeledall the detector elements and th? geometry

of the Crystalk$ox.Eventswere “thrown-froma target accordingto the
measuredbeamdlstrltwtlonandelectrons andphotonswere trans~orted
throughthe drift chamber to the sclntl Ilators, Drlft chamberhits were
recorded forcharged particles. For a tar@ thecode used either the

polystyrenestopping target, a sctnt Illat Ion counter (called the”1 -counter”

and usedfor a t lmlngreference),or a Ilwld hydrogentarget (usedIn
conjuncthnwltham-beam [orcalibratlon purposes).ThecodeEGSlllwas
thenusedto modelthe showerandto estimate the e~er~ depositedin the
Sclntlllators andthe sodiumiodide,Thesimulatedevent,whichconsistedof
@lft chamberhits andADCandTDCln~ormatlon,was checkedagainst the
tri~ logicre~lrements, If It met the conditionsfor a trigger then the
eventwas written onm outputflle Inthe sameformat as the real data All
subsequentanalyslswas donewith the off-line replaycode, TheMonteCarlo
generatedevt?ntsandthe real data were treated IdentIcally.

Theenergyandtlmlngcalibrationsof the detectors in the Crystal
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Boxwere cmled out with sourcesandIA+a’ulTI-beamsonsfmlal Wgats.
Thetechniquesusedto callbrate the sodiun lodMeshowercalorimeter we
shownin fig. 1I. Thetimingcalibrationtec~l~ arc illustrated Inf1912.
Theseare describedbelow.

Theenergycalibrationof the detector was carried out bysevefal
processesml at several energies. APu-Beradioactivesowce that Pfo(Med
a 4.4tleVphotonwas usedto set the hardwaregains. Axenonflash lampand
a system of fiber-optic cables,whichcoupledthe lightpulse from the flash
lampto eachsodktrnIodidephotomultlpllertree, were used to monitorthe
stablIlty of the hardware. The ener~ spectrwnof positronsfrom
conventIonalmuondecaywas usedto prcnddea midrangeenergycalIbration
(I.e.,53 MeV).Themeasuredspectmn andthe MonteCarlos!n?ulated
spectrumfromconventMa! muondecayare shownInfIgs. I3 and I4.
Severaltimes duringthe experimentthe drift chamberwas removedanda
IIquldhydrogentarget was lnstalled Inskleof the box. ThebeamIlnewas
retunedto transport TI-,whichstoppedInthe hydfogen.Thefi-p+n?
react ion produced a 129,4MeVmonoenerget Ic photon, Themeasured
spectrumIs shownin fig. 15. Thefi-PatiO reactionandthe subsequent
decayof the ~“ providedphotonswith energiesrangingfrom55 MeVto 83
f’leVThetwo phot~s fromthe ~“ decaywere also concldentIn time and
were used to measurethe tlmlngresolutionof the sodiumIodide.

The!ImedelaysInthe sodiumIodideandthe plastlc sclntlllatlon
countcrs were measuredwlth a reference scInt11Iat Ioncountercalled the
“1-counter”,TheI-counterwas locatedbehinda smalI hole Inthe polystyrene
target andintercepteda small fraction of the muonbeam, Themuonsthat
stoppedIn the l-counteranddecayedproducedpositronsthat generated
stgnals in the I -counter,the hodoscope,andthe sodiumIodideat
well-definedtimes. Theentire set of 504 detector elementswere
tirne-delaycompensatedwlth this countertow lthlnonenanosecondof each
other

Atime-concldentsourceof posltrms andphotonswas providedby
the Innerbremsstrahhmgdecay~+.zdl A“tImespectrum-for
posltrcm-photon(o?) coincidencesIs shownInflg. 16. A“promptpeak”Is
clearlyvlslble abovethe randomback~ound.(The background part of the
spectrum wasfoldedwith tt,e detector’s time resolution. This 1swhythe
baCk~rOUM doesnot appeara: fIat In the fIgure.) Thebackground COmpOSlt M

maybe examined by lmposlr,g a kinematiccut on the data. The@antlty
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~+tw*@+PJ must be less thanor ec@ to the muonmass for the event to
tie comefroma p+8uF5decay,Eventswith this qumtlty beinggreater
thanthe muonmasscouldnot havecorm?froma IA+o#v8decayandrepresent
rancbmback~ound(flg. 17). TheN time ~ctrum with this cut Iml)osedIs
shownInflg. 18. Theuncut.? time s~tmm (flg. 16)IIllustratesthe
character of the signalp+ou decay. Thetask of extractingthe real
rare-decaysignal fromthis data is what I wouldIlketo discuss next.

Theanalyslsvariables for the decayp+eti are: the positronenergyEe
andthe photonenergyEg(bothnominally52.8MeV),the anglee between
them(nominally180”),andtheir relatlve t~mesof detectionAt (theyshould
be concldent,i.e.At=O),Thebackgroundscomefromthe Inner
bremsstrahlungevents eQjj andrandoms.Theanalystsvariablesare
summarizedin fig. 19. Toextract a confidencelevel for a limit onthe
brachlngratio a maxlmurnIlkellhoodanalyslswas used. As illustrated in fig.
20, the three processes ●#, ●?wS,andrandomscontributeto the measured
sPectrumandhaveprobablllty densltles denotedbyP,CIJandR,respectIve]y,
that are functionsof the analyslsvariables. Givena sampleof Neventsa
IIkellhoodfunctlon1sconstructedandmaxlmlzedto flndthe most likely
numberof or andOUPSevents Inthe sample. TheQVandthe OUVUprobablIity
Censltles(PandC))are estimated fromMonteCarlogenerateddistributions

‘ andthese are shownin fIgs.21 and22. Therandomsdlstrlbutlonsare
measuredbyusingan out-of-time trigger, andthe Rprobabilitydensity is
the productof the fourdistributions(fig.23).

Thevalue of the Ilkellhoodfunctionas a functionof the numberof eo
andeajj events 1sshownInfig.24. Theprojectionsontothe WUUandthe W
axesare shownInfigs.25 and26. Forthis set 0.97x 1011muonswere
stopped.Thesamplewas restricted to thoseevents w~thEW>4 I MeV,
Ee) 40.5MeV,ande >160”andcontah’wd1030events, Themaximum
Ilkelhood est h’natefor the ~ber of e~jj events in this sampleIs 2IS ~20
TheMonteCarlosimulationpredicts 24Sevents, Theprobabilityof a l@evvU
event with Egand EeI’MXW52.8W/ falls from 10-~ at 36f’leVto 10-9at
47 MeV,as shownInflg.27, andwovldesa rathef crltlcal test of the
deteCtOf’Soperation, Theagremen!betweenthe observedandthe predicted
nw’nberof oVvtevents givesus confMencethat the calIbrationsand
resolutkm of the detector ml the normallzatlonare understood.The
rnaxlmunIlkt?llhoodest Imatefor the numberof W eventshas a maximumat
zeroev~t9 andhas less than 3 events at the 9(X confldencelevel. The
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productof the acceptimceandthe efflchncy Is 22%.Withthese WilWsthe
llmit onthe brmchlngratio for the decay~ Is then less tfm 1,4x 10-10.
Theseresults ae sunmar{zedin fig, 28.

Theanalysisof the POVUevents ISin the ~ellmln~ stage. Wewe
working to understandthe natwe of the backgromds.At this time we donot
feel confldentenou@to employa likelihoodaalysls; Insteadwe haveuseda
correlated-cut probabilityanalysis. Theaalysls v~izbles for this
three-bodydecayare the total energy,a the colnddence,andthe sumof the
vectormomentum.Thebackgroundevents arise fromthree-fold accidental
coincidences,•tiv~events In time with a randomphoton,andtwo-fold
photonsin time wl[h a randomelectron. Theseare illustrated in fig. 29. To
carry out the cut analysls the probabilitythat eachevent in the samplewas
consistent wlth the Kinematlcs of a decayinto three bodieswas computed
(fig.30). Theprobabilitydensities for eachof the analysisvariableswere
derited fromthe MonteCarlosimulation.Adata eventwas assigneda
probabilityin eachof the fourvariablesandtheir productwas calculated.
Theresultingnumberof events with a givenprobabilitydensitywas then
plotted in a histogram, Forcomparisonpurposesa MonteCarlosimulationof
the muon-number-violatingdecaypedu, basedona generallocal
Interaction,was usedto producedan analogoushistogram. Thesehistograms
are!thowninfig. 31, (Inthese figures the negativeof the logarithmof the
probabilitydensity is plotted, so increasingprobabilitydensity is to the
left. ) lnasample containing2.2x 1011stoppedmuons,wltha final
accel)tanceandeffIciencyproductof 3.05%,the unper1imit for the branching
ratia of thedecayp.gti is less than 3,8x 10-lOat the90%confidence
level, Theseresults aresummarizedin f!g,32.

Theseresults are prelimlna~ andare basedona fraction of our total
data lheresults forthedata analyzedtodateare summarizedin fig.33. A
total of 9,5x 10~1muonswere stoppedin the ~?xperiment.Theanalystsof
the n?mainlngdata is underwayandwe expectto achievefinal sensitivitks
of alew times 10-11. Atthistime weseeno evidencefor the
nonconservationof seperate farnllynumbersinmuondecay.
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Accidentalcoincidences:

e : Michel positrons from normal
muon decay

Y : Bremsstrahlung
Positron annihilation
Misidentified electrons

Prompt background:

Inner bremsstrahlung



. .

. .

H.1#
I

‘Xl”PR
H6DOSCOPE ‘
COUNTERS WrTki2a

w cm



12n9
85WMC)W



. .

MNl”E CAR&OSIMULATION

Code modelsdetectorekamts and8amxtfy
dtwxy’$tdmn

mate

- h distrmtkm
- ‘1-cwwe?’
- llqaid hydrogen Car&t

UIEj$lw’wrax&

Glw$ tlmmed e’vwmk tb Sam fomuu
tfnreaMu8

Fwtkf tiyds U$e$ th m replay code. S0
- nd Mcmte C8.fIo ewnts UC tre8ted Identlcdly



CAIJNtATKNS?

SODIUMK2iXDEENERGY

Pu-Be SOLRKE E -4.4 MeV
Y

W-p+ny E ~ 129,4 MN
‘Y

TT-p--+l’ro
~ ~ 55Mev cE ~ 83 MeV

Y

IJ + ~ v~~ Positron Energy
Sfmctrum

Lkht Flaskr - Fiber 00t1c Wstem



CALIBRATION

TIMING

● I-coww!r
[

mull ICDIIM

IG

\
WNTILL.ATCX

p“EAM -=+

/

4!!’lawNfm

- TAMm



. ,

a

DetectdMichelPbsitrmSpectmm

n



● ☛

✌ A,

●

RecWed MkheilPkxifrOnSpOchnm

@wHM=14%ato.667Meii

■



—.

Detected Photon Ener~ for F p + n 7

. . . . ...—=.r. .-.. -.-–. . . -—-— —-,

r

L

I
Lo- 1

— -—



!,

1.

—.

-5Q. O -37.s -2’s., -12.s ,., 12.s 2s.0 37.5 Se*@

+---5nana +



*



. .

. .



AnalysisVariables:
● Positron Energy...........52.8MeV
● PhotonEnergy..............52.8MeV
● Angle 180●9n*m9mmmmm**000w**mmame**OOu99,
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SUMMARY

CRYSTALBOX(PRELIMINARY)90$C.L.S

“ B(P-Y )<1.4x10’10

“ B(P+WY) <3.8x 10 “0
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m ‘me )<103 X10“0

No evidence for ncxonservation of
seperate family numbers in muon decay
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Bwd on 0.97 x 10 muon stops

It
Based M 2.20 x IO mum stops

99
Rwl number of muon stops In final data -93 x IO

-11
Expect I final sensltlvlty of a few x 10


